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Abstract 
Passive radiative cooling involves a net radiative heat loss into the cold outer space through the 
atmospheric transmission windows. Due to its passive nature and net cooling effect, it is a promising 
alternative or complement to electrical cooling. For efficient radiative cooling of objects, an 
unimpeded view of the sky is ideal. However, the view of the sky is usually limited - for instance, the 
walls of buildings have >50% of their field of view subtended by the earth. Moreover, objects on earth 
become sources of heat under sunlight. Therefore, building walls with hot terrestrial objects in view 
experience reduced cooling or heating, even with materials optimized for heat loss into the sky. 
We show that by using materials with selective long-wavelength infrared (LWIR) emittances, vertical 
building facades experience higher cooling than achievable by using broadband thermal emitters like 
typical building envelopes. Intriguingly, this effect is pronounced in the summer and diminishes or 
even reverses during the winter – indicating a thermoregulation effect. The findings highlight a major 
opportunity to harness untapped energy savings in buildings. 
Introduction 
With global increases in temperatures posing fundamental economic, health and security risks to human 
civilization, maintaining habitable built environments has become one of the most important challenges of 
our times. Cooling and heating buildings currently consumes 12% of energy globally, with energy use for 
cooling in particular expected to grow dramatically by 2050 (1). Prevalent cooling methods, such as air 
conditioners (ACs), move heat outside interior spaces, while consuming large amounts of electricity, 
generating their own heat, and resulting in direct and indirect greenhouse gas emissions. Furthermore, in 
urban areas, the net heat from dense clusters of AC units and the prevalence of human-made structures 
that trap solar heat and inhibit evaporative cooling, lead to heat islands that experience even hotter 
temperatures. Indeed, active cooling methods may exacerbate climate change (2) and resulting cooling 
needs (3–5). Therefore, they are not sustainable solutions for large-scale thermoregulation of built 
environments. 
Controlling radiative heat flows into and out of buildings is a central mechanism by which the need for active 
cooling and heating can be reduced. To that end, decades of research has explored a range of strategies 
for controlling solar heat gain through different components of the building envelope (e.g. roofs, walls, 
windows, and skylights). Innovations in materials synthesis and optical design have enabled tailored 
responses to different components of the solar spectrum (UV, visible and near-infrared wavelengths). 
However, in addition to solar gain, the built environment radiatively emits and absorbs heat from its 
immediate environment over infrared wavelengths (λ~ 2.5-40 μm). This ubiquitous heat exchange has, in 
large part, not been optimized and leveraged to enhance efficiency. One important exception has been the 
radiative cooling of sky-facing surfaces of buildings.  
Radiative cooling involves the radiation of terrestrial heat through the long-wavelength infrared (LWIR, 
𝜆~8 − 13 𝜇𝑚) atmospheric transmission window into outer space. Because the earth is at a higher 
temperature (~290 K) than outer space (~3 K), the radiative heat loss can be large if the surface radiating 
heat has a high emittance (𝜖) in the LWIR wavelengths (𝜖𝐿𝑊𝐼𝑅) (6). If a surface has a sufficiently high solar 
reflectance it can also achieve a net heat loss and radiatively cool to sub-ambient temperatures under 
sunlight (6). Crucially, radiative cooling is fundamentally passive in nature and yields a net cooling effect, 
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making it a sustainable alternative to conventional active cooling systems. Research on radiative cooling 
has yielded a range of designs, ranging from traditional white paints (7–9), porous polymers (6, 10), and 
silver-backed multilayer films (11), polymers (12–14), dielectric emitters (15–17) and polymer-dielectric 
composites (12, 18–21). These designs encompass both selective thermal emitters, which are optimal for 
achieving deep sub-ambient temperatures, and broadband thermal emitters which are suitable for operation 
at or near-ambient temperatures. Other works have also identified strategies to enable radiative cooling 
along with thermoregulation in different weather and climate conditions (22, 23). 
While radiative cooling has been well-studied for horizontal, sky-facing surfaces, the majority of the surface 
area of a typical building’s envelope may be vertically oriented. The possibility that vertical surfaces such 
as walls can benefit from radiative cooling to the sky has, to our knowledge, not previously been 
investigated. Unlike horizontal surfaces, vertical surfaces have both the cold sky and the warm terrestrial 
environment in view. In such a scenario, the thermal glow from terrestrial features can drastically reduce, 
or even reverse, radiative cooling. Therefore, identifying a mechanism and materials that reduce heat gain 
from the terrestrial environment, while enabling heat loss to the cold sky, is crucial for the radiative cooling 
of vertical surfaces.  
In this report, we demonstrate that scalable, selective LWIR emissive materials can optimize radiative heat 
flows on vertical surfaces and thereby hold the potential for substantial, untapped energy savings. We first 
show that selectively LWIR emitting radiative coolers can reflect large bandwidths of broadband thermal 
radiation from the earth, even as they radiate and lose LWIR heat into the sky. Consequently, they can 
yield considerably greater cooling then achievable by radiative coolers with broadband thermal emittance. 
This is significant for buildings, as traditional construction materials (24) white paints (6, 8, 24) and 
composites (12, 19) are broadband emitters. Collectively, our results highlight a remarkable opportunity for 
the built environment worldwide: immediate gains in efficiency and lower summertime temperatures for 
vertical surfaces are achievable by replacing conventional broadband emissive building materials with 
selectively LWIR emissive designs. 
Theoretical Model 
Research on radiative cooling typically assumes a scenario where a horizontal radiative cooler radiates 
heat under an unobstructed view of the sky. However, this assumption neglects a large fraction of the 
surface area for radiative heat transfer in buildings: the walls. Walls have at least half of their field of view 
subtended by terrestrial features. Roofs, too, may have their view of the sky obstructed by taller buildings. 
The panoramic thermograph in Fig. 1A shows a representative example. The presence of terrestrial objects 
in the field of view has two effects. Firstly, it reduces the spatial window for heat loss into the sky. Secondly, 
terrestrial objects themselves radiate significant amounts of heat, especially when they reach high 
temperatures under sunlight (e.g. > 60˚C for roads and pavements) (25, 26). Effectively this replaces the 
heat-sink of the sky with heat sources. Consequently, the cooling power (𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔) of a vertical surface, 
usually defined as the difference between the thermal radiance from the surface (𝐼𝑒𝑚𝑖𝑡𝑡𝑒𝑟) at ambient 
temperature and the downwelling atmospheric irradiance (𝐼𝑠𝑘𝑦) (Fig. 1B), now takes the form: 
𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = (𝐼𝑒𝑚𝑖𝑡𝑡𝑒𝑟 − 𝑣 𝐼𝑠𝑘𝑦) − (1 − 𝑣) 𝐼𝑒𝑎𝑟𝑡ℎ     (1) 
Here 𝐼𝑒𝑎𝑟𝑡ℎ represents the ‘earth glow’ or radiance from the earth (Fig. 1B), and the view factor 𝑣 is ≤ 0.5. 
The problem is further compounded by the atmosphere, which is thick (> 80 km) and appreciably 
transparent only in the LWIR wavelengths along skyward directions, but much thinner (~101-102 m) and 
thus more transparent between buildings and their environment. Consequently, while radiative heat loss to 
outer space occurs in the LWIR (λ~8-13 μm) (Fig. 1B and C, upper panel), radiative heat gains from 
terrestrial sources is broadband (λ~2.5-40 μm) (Fig. 1B and C, lower panel), i.e. both inside and outside 
the LWIR band. 
The effect of these factors on the cooling performance of broadband emissive radiative coolers like paints 
can be significant. As shown in Fig. 1C, since radiated heat scales as T4, even moderately above-ambient 
terrestrial heat sources can have a heating potential that counters or outweighs the cooling potential of the 
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sky. Given that walls and many urban roofs have terrestrial objects blocking their view of the sky, and that 
building envelopes are broadband thermal emitters/absorbers (19, 24), this means that heat radiated from 
terrestrial features can greatly reduce, or even reverse, radiative cooling. 
 
Figure 1. A. Panoramic LWIR thermograph showing a warm urban location. As shown, terrestrial features become 
quite warm and strong radiators of heat in the daytime, warming objects like walls and humans in their view. B. 
Schematic showing the possible radiative heat transfer between a vertical wall and the ground and sky in its view. C.  
The possible radiance (𝐼𝑒𝑚𝑖𝑡𝑡𝑒𝑟) from a perfect broadband emitter at the ambient temperature 𝑇𝑎𝑚𝑏 = 32°𝐶, and 
irradiances from the ground (𝐼𝑒𝑎𝑟𝑡ℎ) at effective radiative temperature 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 = 55°𝐶 and the sky (𝐼𝑠𝑘𝑦) as seen through 
the atmosphere. Cases for two different humidities (TPW 10.5 and 58.6 mm) are shown. (D) The possible heat gain 
(red) from the ground (at 𝑇𝑔𝑟𝑜𝑢𝑛𝑑, here 55˚C) and heat loss (blue) to the sky, as shown for an ideal broadband emitter 
at ambient temperature 𝑇𝑎𝑚𝑏 (here 32˚C) under desert (TPW 10.5 mm) and tropical (TPW 58.6 mm) climates. An equal 
view of the sky and the ground is assumed. The sum of the red and blue shaded areas represent the net cooling 
potential for the given 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 and 𝑇𝑎𝑚𝑏. (E) Analogue for an ideal selective LWIR emitter. By reflecting thermal radiation 
outside the window, the selective emitter filters out much of the broadband thermal radiation from the ground, and 
enables greater cooling when the ground in view is hot. (F) Differences between 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 of an ideal selective LWIR 
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emitter and broadband emitter as a function of 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 and 𝑇𝑎𝑚𝑏. Values corresponding the data in Figs. 2A and 2B are 
represented with open circles. (G) Analogous differences between steady state temperatures of an ideal selective LWIR 
emitter and broadband emitter assuming zero convective heat flows and gentle winds. It is clear from Figs. 1F and D 
that a selective LWIR emitter could have considerably greater cooling potentials during hot weather, and intriguingly, a 
relative heating potential during cold weather. 
Building on these observations, we propose that radiative coolers which selectively emit and absorb in the 
LWIR atmospheric window, and reflect other thermal wavelengths, can optimally address this problem and 
enable improvements in the net heat flows into and out of buildings. To show this, we choose the example 
of a vertical wall similar to that in 1B, which has equal views of the cold sky and a hot ground under the 
sun. As shown in Fig. 1D, a broadband emitter like a traditional paint absorbs and emits thermal radiation 
both within and outside the LWIR window. Consequently, for a perfect broadband emitter, the radiative loss 
to the sky in the LWIR (blue shaded area) is negated or outweighed by the radiative gain from the ground 
(red shaded area), leading to heating. However, if heat is only gained or lost in the LWIR window and 
reflected elsewhere (Fig. 1E), heat gain can be minimized, resulting in cooling or significantly reduced 
heating compared to those achievable by broadband emissive radiative coolers. 
The cooling potential of a vertical surface (Eq. 1) depends on a number of factors such as temperatures of 
the emitter (𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟), ambient air (𝑇𝑎𝑚𝑏) and ground (𝑇𝑔𝑟𝑜𝑢𝑛𝑑), meteorological variables, view factors of 
objects in the environment, and conductive and convective coefficients (ℎ) of materials. Together, these 
determine the 𝐼𝑒𝑚𝑖𝑡𝑡𝑒𝑟 , 𝐼𝑠𝑘𝑦, 𝐼𝑒𝑎𝑟𝑡ℎ, and non-radiative heat flows. In this study, we choose the simple but 
illustrative case of a vertical wall with equal views of the ground and the sky (i.e. (𝑣 = 0.5), which is 
extendable to more complicated cases. Calculations of theoretical cooling powers and steady state 
temperatures assuming negligible conductive heat flow show that a selective LWIR emitter can have 
considerable benefits. As shown in Fig. 1F, a selective LWIR emitter achieves a significantly greater 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 
than a broadband emitter when 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 is considerably greater than 𝑇𝑎𝑚𝑏, as might occur on sunny summer 
days. In deserts, where lower total precipitable water levels enable greater LWIR heat loss into the sky, 
𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔 can be higher by more than 50 Wm-2, which is comparable to enhancements by cool roofs (24) and 
would rise favorably for tall buildings with greater vertical surface areas. Conversely, when 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 < 𝑇𝑎𝑚𝑏, 
a selective emitter shows a lower 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔, which could prevent undesirable heat loss during winters or cold 
nights. A similar trend is seen in the differences in steady state temperatures (Fig. 1G). Under gentle winds 
(ℎ~ 10 W m-2 K-1), a selective LWIR emitter stays ~3˚C cooler when the ground is hot, and at the same 
temperature as the broadband emitter when the ground is colder than the ambient air. The relative cooling 
during the summer, and the diminished cooling or even heating during the winter, suggests that the 
capabilities of selective LWIR emitters may go beyond radiative cooling in the summer to passive 
thermoregulation across seasons.  
Practical Implementation 
Selective LWIR emitters for large-scale use on buildings or textiles can be made quite conveniently. One 
way would be metallizing the back surfaces of commercially available plastics like poly(4-methyl-1-
pentene), demonstrated as a radiative cooler by Grenier (27), and poly(vinyl fluoride), demonstrated by 
Catalanotti (28). Other potential examples include polyester/mylar, which is ubiquitous around us. 
Metallized versions of such emitters could be used as wallpaper-type designs on opaque building facades 
such as brick walls, while transparent versions backed with IR-reflective conductive oxides or thin metal 
films could be used on windows or steel-and-glass structures. Given the wide variety of known selective 
emitters (29, 30), it is conceivable that they could be widely used on vertical facades. 
In addition to use on vertical facades of buildings, selective LWIR emitters could also be used on roofs or 
in water cooling panels (31) in urban settings, where views of the sky are often blocked by taller buildings. 
The use on building facades could also be extended to vehicles, a significant fraction of whose surfaces 
are vertical. Another promising use could be in radiative cooling textiles, given their vertical orientation 
during typical human use. A final intriguing possibility to explore would be integration with phase-change-
materials (23), which could amplify the thermoregulation capability of LWIR emitters. 
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The realization that a selective LWIR emitters can reflectively ‘filter out’ broadband heat gains from or losses 
to the earth, while facilitating heat loss to the sky, can have significant impact and uses beyond those of 
sky-facing radiative cooling designs. Our results open new opportunities for selection of available and 
recyclable materials for building envelopes, and new designs enabling energy efficiency, and it is our hope 
that this paper will spur further research in this field.  
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